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Ion  densities  in  a  high  intensity,  low  flow  nitrogen  plasma 

G  J.H.  Brussaard  M.C.M.  van  de  Sanden,  and  D.C.  Schram 
Department  of  Physics,  Eindhoven  University  of  Technology,  P.O.Box  513, 

5600  MB  Eindhoven,  The  Netherlands 

ABSTRACT:  The  plasma  density  in  an  expanding  thermal  plasma  v^as  determined 
using  planar  Lanmuir  probe  measurements.  The  arc  plasma  was  operated  at  low  flow 
(500  standard  cm  per  minute).  To  improve  reliability  at  these  low  flows,  an  arc  was 
constructed  with  a  variable  channel  diameter.  This  seems  to  lead  to  a  slightly  higher 
ion  density  at  the  exit  of  the  arc  when  running  an  argon  plasma.  In  the  case  that 
nitrogen  is  injected  in  the  arc  the  plasma  density  is  lowered  considerably  due  to 
charge  exchange  and  dissociative  recombination  in  the  expansion.  Because  of  the  low 
electron  density  (lO’’  m‘^)  at  a  partial  nitrogen  flow  larger  than  10%,  the  dissociative 
recombination  becomes  slow.  The  dominant  ion  in  this  case  is  the  molecular  ion  N2 . 
The  main  loss  process  of  NJ  ions  in  this  case  is  diffusion  away  from  the  plasma  axis. 
The  effective  decay  length  found  in  the  nitrogen  plasma  is  9  cm.  This  is  comparable 
to  Ar^  in  argon  at  the  same  pressure. 


nitrogen  inlet  Magnetic  Coil 


plate 

(a)  (t>) 

Figure  1:  Cascaded  arc  (a)  and  expanding  plasma  setup  (b). 


1.  INTRODUCTION 

High  density  plasmas  are  commonly  used  in  a  variety  of  industrial  applications!. 
Some  of  these  sources  are  used  as  downstream  sources  where  the  plasma  production 
is  separated  from  the  treatment  region.  One  such  source  is  the  expanding  thermal  arc 
[Figure  (1)]  under  investigation  at  the  Eindhoven  University  of  Technology  [2,  3]. 
The  arc  is  usually  operated  at  flows  of  1000  to  10000  standard  cm’  per  minute 
(seem).  Because  in  many  industrial  applications  pump  capacity  is  limited  the  question 
arose  to  modify  the  plasma  source  to  work  at  lower  flows.  To  be  able  to  use  the 
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Downstream  (z  >  10  cm): 

Chamber  pressure 
Electron  density 
Electron  temperature 
Gas  temperature _ 


500-100  seem 
0-400  seem 
36  A 


plasma  at  flow  rates  in  the  range 
of  100-500  seem,  the  bore  of  the 

eopper  plates  was  varied.  It  was  Table  I:  Overview  of  experimental  eonditions 
found  that  operation  was  most  — ~^=======^^^=============== 

reliable  if  six  plates  were  used  ^  500- 1 00  seem 

with  bores  varying  between  4  N2  flow  0-400  seem 

and  1  mm.  The  fourth  plate,  with  Arc  current  36  A 

a  bore  of  2  mm  contains  a 

seeding  channel,  through  which  Downstream  (z  >  10  cm): 

nitrogen  can  be  flowed  into  the  ^ 

f  .  ,  Chamber  pressure  7  Pa 

arc.  An  overview  of  the  relevant  lO'^ .  io'»  m’’ 

parameters  during  the  Electron  temperature  0.1- 0.3  eV 

experirpents  is  given  in  Table  I.  Gas  temperature  300  -  500  K 

This  report  investigates  the 
working  of  the  arc  by  comparing 
the  ion  density  in  the  low  flow 

argon  plasma  to  the  expanding  plasma  during  normal  (higher  flow)  operation  [2]. 

Then  the  ion  density  and  distribution  is  investigated  when  nitrogen  is  added.  A  model 
for  the  gas  phase  reactions  involving  ions  in  the  nitrogen  plasma  is  compared  to  the 
experimental  results. 


0.1 -0.3  eV 
300  -  500  K 


n.  EXPERIMENTS 

A  planar  Langmuir  probe  with  a  radius  of  2  mm  is  placed  on  the  expansion  axis 
of  the  plasma  with  the  normal  to  the  probe  surface  parallel  to  the  expansion.  The 
probe  can  be  controlled  by  a  movable  arm  to  measure  at  different  positions  in  the 
plasma.  Measurements  are  taken  as  a  function  of  distance  from  the  nozzle 
(10-21  cm)  and  as  a  function  of  ratio  argon  to  nitrogen  flow  into  the  arc  (0%  -  80%). 


III.  ARGON  PLASMA 

A  pure  argon  plasma  was  created  with  a  total  flow  of  500  seem.  Because 
extensive  research  has  been  carried  out  on  the  expanding  argon  jet  [2,  4,  5]  this 
plasma  can  be  used  to  investigate  the  differences  in  the  workings  of  the  arc  under  the 
conditions  of  low  flow.  The  electron  density  was  measured  by  the  Langmuir  probe,  as 
a  function  of  distance  from  the  nozzle.  The  results  are  shown  in  Figure  2.  If  the 
densities  are  extrapolated  to  z  =  0,  a  density  of  of  9.4x  1  o'*  is  found.  This  can 

be  compared  to  results  in  the  high  flow  regime  (flow  >  3500  seem)  by  Van  de  Sanden 
et  al.  [2].  who  found  that  the  ion  density  scales  approximately  linearly  with  arc 
current  and  background  pressure.  A  comparison  between  their  results  and  the  value 
found  here  is  given  in  Figure  3.  The  initial  density  in  the  plasma  under  investigation 
in  this  report  is  a  factor  of  2  higher.  This  may  be  attributed  to  a  relatively  higher 
pressure  inside  the  arc  caused  by  the  smaller  bore  of  the  central  plates  used  when 
operating  at  lower  flow. 
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Electron  Density  (m'^) 


Distance  from  Nozzle  (cm) 


Fgure  2:  Electron  density  as  a  function  of 
distance  from  the  nozzle  in  argon.  The  dashed 
line  shows  an  exponential  decrease  with  an 
effective  decay  length  of  10  cm. 


Argon  flow  (scc/min) 


Figure  3:  Extrapolated  initial  densities  in 
argon  as  a  function  of  gas  flow.  The 
dashed  line  shows  the  empirical  relation 
found  by  van  de  Sanden  et  al.  [2].  The 
square  (■)  is  the  extrapolation  of  Fig.  4. 


rV.  NITROGEN  PLASMA 

The  results  found  in  argon  can  now  be  used  as  a  basis  for  understanding  the 
results  in  the  nitrogen/argon  mixtures.  Inside  the  arc  the  temperatures  are  high  {Tf, « 
r  w  1  eV)  and  so  is  the  electron  density  (Wg «  10^^  m  ).  Therefore,  the  relative 
abundance  of  the  ions  can  be  calculated  using  pLTE  considerations.  The  ions  will  be 
atomic  ions  only  and  their  relative  density  is  given  by 

V  s(N*)g('ir)  {"t.  ) 

si^) 

with  «  , ,  «  .the  density  of  and  Ar^  g(..)  the  statistical  weights  of  the 

different  prides,  and  £.  the  ionization  energy  for  each  atom.  For  the  purpose  of 
modeling  and  understanding  the  reactions  taking  place  in  the  expansion,  it  is  assumed 
that  the  relative  density  given  by  Eq,(l)  still  exists  just  after  the  shock  in  the 
expansion.  The  influence  of  varying  the  relative  flow  of  the  gases  into  the  arc  on  the 
electron  density  on  the  expansion  axis,  at  a  distance  of  15  cm  from  the  nozzle,  is 
shown  in  Figure  4.  These  results  can  be  explained  using  charge  exchange  and 
dissociative  recombination  as  the  main  loss  proces  of  ions  in  the  gas  phase.  The 
dissociated  and  ionized  gas  coming  from  the  arc  expands  into  a  background  of  neutral 
argon  and  molecular  nitrogen  formed  on  the  vessel  walls.  The  following  reactions 
will  then  determine  the  densities  of  the  different  species: 

•  Charge  exchange 

Ar*  +N^^Ar  +  N* ,  rate  (2) 

N*  +N^-*N  +  N*,  rate  (3) 


Recombination: 
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(4) 


At  7;  «  0.2  eV,  the  charge  exchange 
rates  L  and  ^  are  estimated  to  be 
7x10“*^  m^s’^  [6]  and  1x10"^^  m^s'^  [7] 
respectively.  The  rate  of  the  dissociative 
recombination,  ^3,  is  estimated  at  10 
mVs  [8].  With  a  drift  velocity  of  600 
m/s  [2]  and  the  rates  given  above, 
diffusion  away  from  the  expansion  axis 
is  negligible  compared  to  charge 
exchange  and  recombination  for  a 
relative  nitrogen  flow  above 
approxiipately  1%  and  electron 
densities  larger  than  10^^  m  This  is 
also  shown  by  the  dashed  line  in 
Fig.(3).  Reactions  (2)  through  (4)  can 
now  be  rewritten  as  a  set  of  rate 
equations: 

dn  ^ 

Ar  _ 

dz 
dn  , 

dz 


+  N,  rate 


Percentage  of  Nitrogen  Seeding  (%) 

Figure  4:  Electron  density  at  1 5  cm  from  the 
nozzle  as  a  function  of  relative  nitrogen  flow. 
The  dashed  line  shows  the  influence  of 
diffusion,  the  solid  line  shows  the 
recombination. 


1 

k.n  — 

‘  Ar  "2 

V, 

1 


dn  , 
_ ^ 

dz 


1  1  . 

V.  V, 


where /i=M  +n  +n  follows  from  quasi  neutrality.  These  equations  are 

«  Ar*  N*  N* 


solved  numerically. 


Allowing  some  variations  in  the  rate  constants,  a  fit  to  the  measured  date  is  shown 
as  the  solid  line  in  Fig.  3.  The  rates  used  to  obtain  a  good  fit  are;  k,  -  2x10  m  s  , 
it  =  lx  10''*  m’s''  and  k,  =  0.5x1  o  '^  m’s.  These  values  compare  reasonably  to  the 
theoretical  values  given  above.  The  same  rate  constants  are  used  to  calculate  the  ion 
to  electron  mass  ratio  in  the  plasma.  This  is  shown  in  Fig.  5(b).  According  to  theoty 
ri]  the  mass  ratio  determines  the  ratio  of  electron  to  ion  saturation  currents  in  single 
Langmuir  probe  measurements.  These  experimentally  determined  ratios  are  shown  in 
Fig  5(a)  Although  the  measured  and  the  calculated  ratios  differ  in  absolute  value,  the 
trend  towards  lighter  ions  is  visible.  The  difference  in  absolute  values  is  possibly 
caused  by  small  offsets  in  the  measuring  circuitry,  which  has  great  influence  on  the 
ion  saturation  current  and  therefore  on  the  current  ratio. 
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Figure  5:  Electron  to  ion  saturation 
relative  nitrogen  flow. 
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current  (a)  and  calculated  mass  ration  (b)  as  a  function  of 


The  model  predicts  that  at  seeding  percentages  of  nitrogen  larger  than 
approximately  10%  the  plasma  will  consist  of  predominantly  N  *  ions.  The  plasma 
density  downstream  drops  to  below  lO"  m*’.  At  these  low  electron  densities  the 
dissociative  recombination  becomes  small.  The  plasma  density  as  a  function  of 
distance  from  the  nozzle  with  a  nitrogen  seeding  of  80%  is  shown  in  Figure  b^here 
the  solid  line  is  an  apparent  linear  fit  resulting  in  a  \/e  decay  length  of  9  cm  This 
decay  length  is  comparable  to  the  one  found  in  argon  [10  cm,  see  Figure  (2)],  since 

the  N  j  ions  will  have  resonant  charge  exchange  with  the  Nj  in  the  background, 
similar  to  Ar^  in  argon.  The  diffusion 
coefficient  of  is  expected  to  be 
higher  by  a  factor  of  40/28  (the  mass 
ratio),  but  this  will  be  partly 
compensated  by  a  higher  drift  velocity. 

The  results  obtained  here  with  the 
plasma  in  the  low  flow  regime  can  be 
compared  to  results  found  by  Dahiya  et 
al.  [9]  in  a  similar  plasma  at  much 
higher  flow  (>1000  scc/min).  Although 
the  same  (charge  exchange  and 
dissociative  recombination)  reactions 
are  taking  place,  the  dominant  ion  found 
in  the  mass  spectrometer  by  Dahiya  et 
al.  is  N*".  This  is  due  to  the  fact  that  the 
ion  densities  at  higher  flow  rates  are  ^ 
higher,  typically  of  the  order  of  1 0  m 
at  a  distance  of  20  cm  from  the  nozzle. 


Figure  6:  Electron  density  as  a  function  of 
distance  from  the  nozzle  in  a  80%  nitrogen- 
argon  plasma.  The  dashed  line  shows 
exponential  decay  with  an  effective  decay 
length  of  9  cm. 
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V.  CONCLUSIONS  ^  u  „ 

It  was  shown  that  the  modifications  to  the  arc  will  improve  the  efficiency  by  a 
factor  of  two  in  the  low  flow  argon  plasma.  In  the  case  that  nitrogen  is  seeded  into  the 
arc  plasma  the  plasma  density  is  lowered  considerably  due  to  ch^ge  exchange  m 
dissociative  recombination.  At  nitrogen  flows  larger  than  10%  the 
15  cm  from  the  nozzle  is  slightly  less  than  lO''  m  and  does  not  decrease  further  with 

higher  partial  nitrogen  flow.  The  dominant  ion  in  this  case  is  molecular  ion  N  ^ . 
Because  of  the  low  electron  density  at  high  percentages  of  nitrogen,  the  dissociative 
recombination  becomes  slow.  The  main  loss  process  of  ions  m  this  case  is  diffosion 
away  from  the  plasma  axis.  The  effective  decay  length  found  is  9  cm  comparable  to 

the  loss  of  Ar^  in  Ar. 
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LASER  INDUCED  FLUORESCENCE  MONITORING  OF 
ATOMIC  H  AND  N  IN  EXPANDING  PLASMAS 
PRODUCED  BY  A  CASCADED  ARC 


M.G.H.  Boogaarts.  G.J.  Brinkman,  S.  Mazoufifre,  H.F.  D6bele’\ 

J.A.M.  van  der  Mullen,  and  D.C.  Schram 

(Department  of  Applied  Physics,  Eindhoven  University  of  Technology, 

P.O.  Box  513,  5600  MB  Eindhoven,  The  Netherlands) 
a)  (Institut  fiir  Laser-  und  Plasmaphysik  Universitat  GH  Essen,  45117  Essen, 
Fed.Rep.Germany) 

ABSTRACT:  In  this  contribution  we  present  Two-photon  Absorption  Laser  Induced 
Fluorescence  (TALIF)  measurements  on  expanding  plasmas  produced  by  a  cascaded 
arc  in  Ar/Hj  and  Ar/N2  mixtures.  From  these  measurements  axial  and  radial  profiles 
for  the  density,  the  temperature,  and  the  radial  velocity  of  the  atomic  species  are 
obtained.  Absolute  number  densities  of  atomic  hydrogen  are  obtained,  by  calibrating 
the  TALIF-signal  via  a  titration  reaction  in  a  flow  tube  reactor. 

1.  INTRODUCTION 

When  a  cascaded  arc  created  plasma  expands  into  a  vacuum  vessel,  a  versatile 
high  quality  particle  beam  is  obtained  that  has  been  shown  to  have  very  promising 
features  [1,2].  An  important  application  of  such  an  expanding  plasma  is  its  use  for 
fast  deposition  of  e.g.  amorphous  silicon  (a-Si:H)  or  carbon  (a-C:H)  [2,3].  For  these 
applications,  but  also  from  a  fundamental  point  of  view,  it  is  interesting  to  study  the 
composition  of  the  beam,  i.e.  the  degree  of  dissociation,  excitation,  and  ionization,  as 
a  function  of  externally  controlled  parameters,  such  as  flow,  pressure,  arc  current,  etc. 

Several  laser-based  diagnostic  techniques,  like  Thomson/Rayleigh  scattering, 
CARS,  and  LIF  are  used  to  probe  the  local  particle  densities  in  the  expanding  plasma 
and  their  energy  distribution.  These  techniques  have  the  general  advantage  to  be  non- 
intrusive  and  very  sensitive.  However,  species-selective  monitoring  of  atoms  in  their 
ground-state  requires  the  use  of  high  energetic  photons  because  of  the  large  energy 
spacings  involved.  Experimentally  demanding  techniques  that  are  necessary  for 
single-photon  excitation  can  be  avoided  with  the  application  of  multi-photon 
excitation. 

In  this  contribution  we  present  measurements  on  atomic  H  and  N  using  two- 
photon  excitation  and  detection  of  the  resulting  non-resonant  laser-induced 
fluorescence  (LIF).  The  corresponding  energy  level  schemes  are  shown  in  Fig.  1. 
Atomic  H  is  excited  with  two  205.14  nm  photons  from  the  Is  ground  state  to  the 
3d  and  3s  states.  The  excitation  is  monitored  by  detection  of  the  fluorescence 
on  the  Balmer-a  line  at  656.3  nm.  Atomic  N  is  excited  from  the  2p  ground  state  to 
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the  3p  ■'S®  state  with  two  206.7  nm  photons.  The  resulting  fluorescence  to  the  3s  “P 

states  is  detected  around  745  nm. 

H  N 


ion 
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_L 
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4 
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3sP(j=l/2,3/2.5/2) 


-L  2p 


745  nm 


207  nm 
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Fi^.  1:  Energy  level  schemes  for  the  t>vo-photon  absorption  laser  induced 
fluorescence  (TALIF)  measurements  on  H  (left)  and  N  (right). 


IL  EXPERIMENTAL 

A  scheme  of  the  experimental  set-up  is  depicted  in  Fig.  2.  The  cascaded  arc 
plasma  source  has  already  been  described  in  detail  elsewhere  [4].  In  the  experiments 
described  in  this  paper  it  is  operated  on  a  40  A  dc  current.  The  plasma  expands  from  a 
4  mm  diameter  channel  into  a  roots-blower  pumped  vessel  with  a  background 
pressure  of  10  Pa.  For  the  measurements  on  H  an  Ar/Hj  mixture  is  used  with  3.0  slm 
Ar-flow  and  0.5  slm  Hj-flow.  The  plasma  conditions  for  this  case  are  close  to  those 
used  for  deposition  of  a-C;H  and  a-Si:H.  For  the  measurements  on  N  a  nearly  100% 
N2-flow  (2.0  slm)  is  used  with  only  a  small  fraction  of  Ar  (0.05  slm)  to  stabilize  the 
plasma.  The  cascaded  arc  plasma  source  is  mounted  on  a  translation  arm.  Spatial 
scans  through  the  expanding  plasma  can  be  made  by  moving  the  cascaded  arc  relative 
to  the  laser  beam  and  detection  optics. 

The  laser  system  that  is  used  to  produce  the  tunable  UV-radiation  is  based  on  a 
pulsed  Nd;Y AG/dye-laser  combination.  The  frequency-doubled  output  (250  mJ  pulse 
energy)  of  a  50  Hz  injection-seeded  Nd:YAG-laser  (Spectra-Physics,  GCR-230)  is 
used  to  pump  a  tunable  dye-laser  (Spectra-Physics,  PDL-3).  The  dye-laser  has  a 
bandwidth  of  0.07  cm"'  and  is  used  around  615  nm  for  the  measurements  on  H  and 
around  618  nm  for  the  N  measurements.  The  output  of  the  dye-laser  (typically  60  mJ) 
is  frequency-tripled  in  two  stages  using  non-linear  optical  techiques.  In  the  first  stage 
the  light  is  frequency-doubled  in  a  KD*P-crystal.  In  the  second  stage  this  frequency- 
doubled  UV  light  is  mixed  with  the  residual  red  dye-laser  output  in  a  BBO-crystal 
where  typically  0.5  mJ  of  tunable  UV  light  around  205  nm  with  an  estimated 
bandwidth  of  0.2  cm  '  is  produced  via  sum-frequency  generation. 

The  frequency-tripled  laser  light  is  imaged  via  a  lens-pinhole-lens  combination 
onto  a  60  cm  lens  that  focusses  the  light  into  the  plasma.  The  laser-induced 
fluorescence  originating  from  the  focus  is  imaged  with  a  spatial  resolution  of  2  mm, 
in  a  direction  perpendicularly  to  the  laser  beam,  onto  a  photo-multiplier  (Hamamatsu, 
R928).  The  continuous  background  light  emitted  by  the  plasma  is  strongly  reduced  by 
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an  optical  filter  in  front  of  the  photo-multiplier  tube  (PMT).  In  case  of  the  H- 
fluorescence  a  H,  bandpass  filter  is  used,  whereas  in  the  case  of  N-fluorescence  a 
highpass  filter  is  used  that  is  transparant  above  730  nm.  The  background  signal  is 
further  reduced  by  accumulating  the  PMT-signal  with  a  gated  integrator  only  during  a 
preset  time  interval  of  some  200  ns  after  the  arrival  of  the  laser  pulse.  The  resulting 
signal  is  digitized  by  a  CAMAC  converter,  and  then  read  into  a  PC  that  also  controls 
the  wavelength  scanning  of  the  dye-laser. 


Fig.  2:  Scheme  of  the  experimental  set-up.  The  cascaded  arc  plasma  source  is 
mounted  on  a  transiation  arm  that  aliows  for  spatially  resolved  measurements. 


III.  CALIBRATION  ,  ...  . 

All  fluorescence  measurements  are  obtained  by  tuning  the  excitation  laser  and 

recording  the  resulting  spectral  profile  of  the  two-photon  absorption  for  vmous  ^la 
and  radial  positions.  The  spectral  scans  are  all  fitted  to  a  Gaussian  profile.  From  these 
fits  three  local  parameters  can  be  obtained  in  principle.  The  local  density  is  obtained 
from  the  integrated  intensity  (i.e.  the  area  under  the  curve),  while  the  local 
temperature  is  derived  from  the  Doppler-width  of  the  spectral  profile.  In  addition,  the 
component  of  the  velocity  in  the  direction  of  the  laser  can  be  determined  from  the 
absolute  shift  of  the  center  frequency  of  the  spectral  profile. 

In  order  to  obtain  quantitative  velocity  data,  the  wavelength  of  the  laser  needs  to 
be  calibrated.  In  our  experimental  set-up  such  a  calibration  will  yield  the  values  for 
the  radial  velocity  of  atomic  H  and  N.  A  calibration  based  on  the  simultaneous 
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measurement  of  the  absorption  spectrum  of  I,  is  currently  being  implemented.  In 
addition,  we  plan  to  measure  the  axial  velocities  by  applying  the  excitation  laser  anti¬ 
parallel  or  under  a  small  angle  with  the  symmetry  axis  of  the  expansion^  ,  ,  *  • 

The  density  profiles  measured  via  TALIF  are  relative.  To  obtain  absolute  atomic 
number  densities,  the  TALlF-setup  needs  to  be  calibrated  against  “ 
source  that  produces  a  well-known  amount  of  the  atomic  species.  For  H  this  has  been 
done  via  a  titration  in  a  flow  tube  reactor  [5].  Atomic  H  is  produced  in  the  flow  tube 
reactor  in  a  diluted  He/H^-flow  by  dissociation  of  the  molecular  Hj  in  a  microwave 
cavity.  The  atomic  H  is  then  transported  by  the  He-flow  via  an  inert  tube  to  a  position 
close  to  the  scattering  volume  of  the  laser.  To  determine  the  amount  of  H  produced, 
the  fast  titration  reaction  H  +  NOj  NO  +  OH,  wdh  a  rate  o  ,  • 
cm’/s.molecule,  has  been  used  [5].  By  scaling  the  resulting  H-density  ^ith  the  ratio 
betweep  the  integrated  TALIF  intensity  of  the  cascaded  arc  plasma  and  that  of  the 
flow  tube  reactor,  we  are  able  to  determine  the  spatially-resolved  absolute  H  number 
density  in  the  expanding  Ar/H^  plasma.  The  accuracy  of  the  density  values  is  about 
50%,  which  is  mainly  due  to  the  incertainty  in  the  determination  of  the  pressure  in  the 
vessel.  Calibration  of  the  N-density  in  the  Ar/N,  plasma,  although  less 
Straightforward,  will  be  conducted  in  a  similar  way.  . 

The  absolute  number  densities  of  the  atomic  species  are  not  only  impormt  to 
gain  information  on  the  fundamental  plasma  processes  and  conditions  ‘he  degree 
of  dissociation,  but  also  to  obtain  a  quantitative  idee  of  the  sensitivity  of  the  TAL 
technique  for  the  various  atomic  species. 


IV.  RESULTS 


Rada)  position  (mrr} 
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Radial  position  (mmH 


Fig.  3:  Axial  (upper)  and  radial  (lower)  profiles  of  the  density  (left)  and  temperature 
(right)  of  atomic  H.  The  radial  scans  are  taken  at  a  axial  distance  from  the  nozzle  of 
z=2  mm  (left)  and  z=4  mm  (right). 

The  axial  and  radial  profiles  of  the  density  and  temperature  of  atomic  H  are 
shown  in  Fig.  3.  The  H-density  on  the  axis  is  about  5.10^®  m'  close  to  the  nozzle,  and 
decays  rapidly  with  distance  from  the  nozzle.  In  the  first  part  of  the  expansion  the 
axial  density  profile  can  be  fitted  well  to  an  exponential  decay  with  a  1/e  length  of  4 
mm.  For  distances  above  30  mm,  the  H  density  starts  an  asymptotic  behaviour.  To 
determine  the  ‘residual’  H-density  that  probably  will  be  constant  throughout  the 
vessel,  the  measurements  need  to  be  extended  to  still  larger  distances.  The 
temperature  on  the  axis  starts  at  about  3000  K  near  the  nozzle  and  decreases  until  a 
minimum  of  about  1000  K  is  reached  at  a  distance  of  20  mm.  Then  the  temperature 
slightly  increases  again  and  finally  levels  of  at  about  1 100  K. 

Radial  scans  are  measured  up  to  8  mm  from  the  nozzle.  They  show  for  the 
density  a  Gaussian-like  shape  with  a  clear  maximum  in  the  centre  and  for  the 
temperature  a  plateau  in  the  centre  with  the  temperature  falling  down  at  the  edges. 
The  axial  line  density,  that  is  the  density  integrated  over  one  radial  plane,  appears  to 
be  almost  constant.  Assuming  that  the  axial  velocity  is  constant,  this  implies  that  the 
total  amount  of  atomic  hydrogen  is  conserved  during  the  expansion. 
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Fig.  4:  Axial  (upper)  and  radial  (lower)  profiles  of  the  density  (left)  and  temperature 
(right)  of  atomic  N.  The  radial  scans  are  taken  at  z  =5  mm. 

For  atomic  N  the  axial  and  radial  profiles  of  the  density  and  temperature  are 
shown  in  Fig.  4.  Both  the  axial  density  and  temperature  profile  show  evidence  of  a 
shock  region  at  about  100  mm  from  the  nozzle.  The  radial  density  profiles  are  again 
well  approximated  by  a  Gaussian,  while  the  radial  temperature  profile  is  less  well- 
behaved. 

V.  CONCLUSIONS 

Two-photon  excitation  laser  induced  fluorescence  measurements  enable  the 
spatially-resolved  determination  of  the  density,  the  temperature,  and  the  velocity  of 
atoms  in  e.g.  expanding  plasma’s.  The  TALIF  technique  has  been  applied  to  monitor 
atomic  hydrogen  and  nitrogen  in  the  expanding  plasma  of  a  cascaded  arc  burning  on 
Ar/H2  and  nearly  pure  N2,  respectively. 

The  setup  has  been  calibrated  for  H  using  a  titration  in  a  flow  tube  reactor.  The  H 
number  density  in  the  Ar/H2  plasma  has  a  maximum  of  5.10  m  near  the  no2^1e  for 
operating  conditions  that  are  typical  for  deposition  research. 

From  these  measurements  it  is  concluded  that  the  detection  limit  of  our  TALIF 
setup  for  atomic  hydrogen  lies  well  below  a  density  of  5.10  m  . 

The  interpretation  of  the  data  in  terms  of  dissociation  efficiency  and  net  atomic 
flux  of  the  cascaded  arc  is  currently  being  undertaken.  For  this  it  is  also  important  to 
measure  the  axial  velocities  of  the  atoms,  which  is  one  of  the  next  objectives  of  our 
research. 
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ABSTRACT;  Using  an  expanding  cascaded  arc  plasma  we  have  achieved  to  grow 
device  quality  a-Si:H  at  a  deposition  rate  of  over  10  nm/s.  A  residual  gas  analyzer 
provides  information  concerning  the  plasma  chemistry,  whereas  substrate  ternperamre 
dependencies  of  the  growth  rate,  refractive  index  and  electronic  properties  supply 
input  data  for  a  growth  model. 


I.  INTRODUCTION  .  - 

Production  cost  reduction  is  the  essential  step  in  the  commerciali^tion  of 
photovoltaic  devices.  Amorphous  hydrogenated  silicon  (a-Si:H)  is  of  special  interest, 
since  it  can  be  deposited  over  large  areas  and  allows  fairly  easy  scale-up,  but  as  yet,  a- 
Si  H  solar  cells  cannot  compete  with  conventional  means  of  electricity  generation. 
Increasing  the  deposition  rate  can  lead  to  an  additional  cost  reduction,  since  the  same 
production  line  througput  can  be  obtained  at  lower  investment  cost.  A  requirement, 
however,  is  that  the  quality  of  the  deposited  material  remains  suitable  for  use  m 
photovoltaic  devices.  Apart  from  economic  significance,  the  study  of  very-high-rate 
deposition  of  a-Si;H  is  also  of  scientific  interest,  since  growth  models  can  be  tested 
under  more  extreme  conditions. 

As  a  basis,  we  use  the  model  reported  by  Matsuda  and  Ganguly  [1]  -also 
proposed  by  Perrin  [2]  and  Gallagher  [3]  as  it  succeeds  to  explain  most  obseiwed 
phenomena  [4].  The  principle  of  the  MPG-model  is  schematically  represented  m  Fig. 
1.  Physisorbed  SiH,  radicals  are  assumed  to  be  the  only  particles  involved  in  me 
growth  process.  They  hop  across  the  practically  fully  hydrogenated  surface  until  mey 


SiH3 

Incident  flux 


SiH^ 

Reflection 


10%  SiH, 
(H-Abstraction) 


Fig.  1.  Schematic  representation  of  the  MPG  model 


either  find  a  dangling  bond 
and  stick,  generate  a 

dangling  bond  by 

abstraction  of  a  surface 
hydrogen  atom,  or 

recombine  with  another 
SiHj  radical  to  form  Si2H6. 
At  elevated  temperatures, 
also  thermal  desorption  of 
surface  hydrogen  becomes 
a  source  for  surface 
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dangling  bonds;  Matsuda  reports  an  increase  of  the  growth  rate  from  0.04  at  350  “C  to 
0.13  nm/s  at  450  “C  [1].  The  model  predicts  a  factor  2.5:  at  a  high  temperature,  also 
the  abstraction/recombination  radicals  will  stick  and  contribute  to  growth.  The 
enhanced  dangling  bond  generation  also  causes  the  photo  conductivity  to  decrease.  If 
however  the  incident  SiH,  flux  is  increased,  faster  ‘passivation’  reduces  the  dangling 
bond  generation  due  to  thermal  desorption;  the  model  -correctly-  predicts  a  recovery 
of  the  photo  conductivity. 

So  far  the  model  has  been  succesfully  used  to  explain  data  originating  from  a 
13.56  Mhz  triode  PECVD-reactor,  with  growth  rates  in  the  range  0.02-1.5  nm/s.  In  this 
contribution,  growth  data  will  be  presented  for  a-Si:H  films  deposited  using  an 
expanding  thermal  plasma,  in  the  range  0.3-50  nm/s. 

II.  EXPERIMENTAL  SETUP 

The  plasma  source  of  this  remote  plasma  deposition  setup  consists  of  a  DC 
thermal  arc  operated  at  0.5  bar  and  5  kW  [5],  which  is  fed  with  an  argon/hydrogen 
(or,  for  isotope  labeling,  argon/deuterium)  with  a  total  flow  of  around  4  slm. 
Differential  pumping  maintains  the  pressure  in  the  deposition  chamber  at  about  0.2 
mbar  (Fig.  2),  thus  creating  a  plasma  jet  with  a  typical  flow  velocity  of  10  m/s. 
Typically  0.6  slm  of  pure  silane  (or  SiD4)  is  injected  through  a  ring  at  45  mm  from 
the  nozzle  of  the  source.  The  substrates.  Coming  7059  glass  and  c-Si  mounted  onto  a 
substrate  holder,  are  inserted  into  the  deposition  chamber  through  a  load  lock  system 
and  actively  clamped  onto  a  copper  yoke  at  a  distance  of  32  cm  from  the  source.  The 
yoke  is  temperature  controled  and  features  helium  backflow  for  enhanced  thermal 
contact  between  yoke,  holder  and  substrates. 

Attached  to  the  deposition  chamber  is  a  Balzers  QMS  200  Prisma  residual  gas 
analyzer  (rga),  with  which  the  consumption  of  silane  and  the  production  of  hydrogen 


^  Ellipsometer 

Loadlock 


Fig.  2.  Expanding  Thermal  Plasma  deposition  setup 
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due  to  ignition  of  the  plasma  are  monitored.  Film  growth  rate  and  refractive  index  at 
632.8  nm  are  determined  in-situ  using  a  Rotating  Compensator  Ellipsometer.  Ex-situ 
Fourier  Transform  Infra  Red  transmission  (Fim)  measurements  yield  the  infrared 
refractive  index  and  the  SiH,  SiH^,  SiD,  SiDj  and  SiHD  bond  concentrations.  The 
total  hydrogen  and  deuterium  content  and  the  silicon  density  are  determined  using 
combined  Elastic  Recoil  Detection  Analysis  (erda)  and  Rutherford  Backscattering 
Spectrometry  (rbs)  with  4MeV  He'^-ions.  The  photo  conductivity  is  obtained  under 
global  amI.5  illumination  using  coplanar  aluminum  contacts;  the  dark  conductivity 
and  its  activation  energy  are  determined  from  a  conductivity  vs.  temperature  scan. 
The  Tauc  optical  bandgap  is  calculated  from  reflection/transmission  spectra. 

III.  SILANE  CONSUMPTION 

Deposition  of  a-Si;H  on  the  substrates  and  the  vessel  walls  leads  to  a  decrease  of 
the  silane  partial  pressure,  which  can  be  monitored  using  the  RGA.  The  (absolute) 
partial  pressure  change  is  a  direct  measure  for  the  growth  rate,  expressed  in  atoms/sec. 
The  silane  consumption  is  defined  as  the  (relative)  fraction  of  the  silane  flow  that  is 
deposited.  Fig.  2  shows  the  silane  consumption  as  a  function  of  hydrogen  flow  for 
three  sffc  currents  (30,  45  and  75  A);  the  silane  flow  was  constant  at  10  scc/s.  Two 
regions  can  be  distinguished,  indicated  by  A  and  B:  in  region  A,  the  ion  flux  coming 
out  of  the  arc  is  high  and  so  is  the  silane  consumption.  The  dominant  reactions  are 
charge  exchange  and  dissociative  recombination  [5].  Note  that  electrons  do  not 
Contribute  to  silane  consumption:  the  electron  temperature  is  low  (<0.5  eV)  md  the 
flux  of  tail  electrons  is  negligible.  In  region  B,  the  ion  flux  is  quenched  by  addition  of 
hydrogen:  now  the  hydrogen  atom  becomes  the  dominant  chemically  active  species, 
and  silane  is  dissociated  by  the  abstraction  reaction 

SiH,  +  H-^  SiH,  +  H,  (AH  =  -0.5eV )  (1) 

Since  the  H-flux  increases  with  H2-flow,  region  B  shows  an  increase  of  the  silane 
consumption.  Obviously,  with  increasing  arc  current,  the  ion  flux  coming  out  of  the 
arc  increases  and  so  does  the  silane  consumption;  at  75  A,  the  quenching  is  not 
complete  even  at  H2“  10,  and  both  ions  and  H-atoms  play  a  role. 

Note  that  every  consumed  silane  molecule  effectively  generates  one  H2  molecule 
-this  has  been  verified  with  the  RGA-  since  deposition  on  the  cold  vessel  walls  leads  to 
polymer-like  a-Si:H  with  SiH2  stoichiometry.  This  means  that  even  without  H2 
addition  to  the  arc,  up  to  10  scc/s  H2  is  generated  in  the  deposition  chamber  itselfl 
From  Fig.  3  it  can  however  be  concluded  that  this  H2  does  not  have  the  same 
quenching  effect  as  H2  fed  to  the  arc,  otherwise  the  silane  consumption  without  H2  fed 
to  the  arc  could  not  be  so  much  higher  than  at  H2=5  scc/s. 

In  some  cases,  the  silane  depletion  approaches  100%.  In  that  case,  the  mass 
spectrometer  signal  ratio  of  mass  31  (SiH3*)  over  mass  30  (SiH2  ),  which  is  according 
to  the  fragmentation  pattern  of  SiH4  in  the  ionizer  0.8,  starts  decreasing  (Fig.  4).  This 
could  indicate  that  the  sampling  gas  is  no  longer  dominated  by  SiH4  but  by  a  lower 
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Fig.  3.  Consumption  of  silane  vs.  hydrogen  pig.  4.  Mass  spectrometer  signal  ratio  of  mass 
flow  for  arc  currents  of  30, 45  and  75  A.  The  31  over  mass  30  vs.  silane  consumption.  Both 
silane  flow  is  fixed  at  10  scc/s.  hydrogen  and  silane  flows  have  been  varied; 

arc  currents  are  30, 45  and  75  A 


silane  such  as  SiHz-  In  the  next  section  we  will  see  that  in  a  condition  with  such  a 
high  depletion,  very  poor  quality  material  is  deposited. 
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IV.  GROWTH  OF  a-Si:H 

Fig.  5  shows  the  temperature  Table  1.  Deposition  settings  for  the 
dependence  of  the  growth  rate  for  a  presented  series, 

number  of  plasma  settings  as  indicated  in 

Table  1.  The  SiH4:H2  setting  is  referred  to  - - - ^ - 

as  ‘standard’.  In  one  series,  the  hydrogen  «  ^ 

has  been  replaced  by  deuterium  and,  since  ^ - jo - 

the  plasma  source  operates  more  efficiently  45  10  (D2)  10 

on  deuterium,  the  silane  consumption  and  ^ighrate  25  0  15 

thus  the  growth  rate  increases.  Furthermore  lowrate  25  5  3 

a  series  with  extremely  high  growth  rate,  a  ultralow  10  3  0.6 

low  growth  rate  and  very  low  growth  rate 

are  presented.  In  the  ‘ultralow’  and  even  in  the  low  rate  series,  we  observe  a  slight 
increase  of  the  growth  rate  at  elevated  temperatures,  according  to  the  model,  due  to 
increased  dangling  bond  generation  as  a  result  of  thermal  desorption  of  hydrogen. 
Such  an  increase  cannot  be  seen  in  the  other  series,  where  the  radical  flux  is  higher. 
Indeed  we  also  observe  the  corresponding  optimum  in  the  photo  conducdvity  (Fig. 
7),  which  shifts  to  a  higher  substrate  temperature  when  the  radical  flux  is  increased  - 
some  film  properties  of  the  sample  deposited  under  standard  conditions  and  at 
Tsub=475  are  given  in  Table  2.  The  photo  conductivity  behavior  clearly  shows 
that  if  the  growth  flux  is  low,  the  dangling  bond  density  does  increase  at  high 
temperatures.  However,  in  the  ultralow  rate  series,  the  growth  rate  does  not  increase 
by  the  expected  factor  of  2.5,  but  only  by  10%.  This  suggests  that  in  our  setup,  only 
few  radicals  are  responsible  for  dangling  bond  generation  by  surface  hydrogen 
abstraction,  and  most  of  the  physisorbed  radicals  stick.  An  alternative  dangling  bond 
generation  mechanism  could  be  abstraction  by  free  atomic  hydrogen  in  the  plasma. 
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Fig.  5.  Substrate  temperature  dependence  of 
the  growth  rate 
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Fig.  6.  Substrate  temperature  dependence  of 
the  refractive  index  at  632.8  nm 

possibly  through  a  physisorbed  state.  That  the  surface  is  exposed  to  such  atoms  is 
proven  by  the  deuterium  experiment,  where  we  found  that  10%  of  the  incorporated 
hydrogen  is  in  fact  deuterium  -  this  also  shows  that  practically  all  hydrogen  in  a-Si.H 
comes  from  silane.  In  the  cross-reference  experiment  where  we  used  SiD4  and  H2,  we 
found  10%  hydrogen  in  deuterium. 

Such  a  mechanism  of  physisorbed  hydrogen  could  also  explain  why  at  low 
temperatures,  the  growth  rate  decreases  with  increasing  temperature.  Even  though 
most  of  the  effect  can  be  attributed  to  the  material  becoming  more  dense  -Fig.  6 
clearly  shows  the  increase  of  the  refractive  index  with  temperature-,  erda  and  RBS 
still  indicate  that  the  effective  growth  flux  becomes  lower  as  the  temperature  goes  up. 
What  could  happen  is  that  the  physisorbed  hydrogen  and  the  physisorbed  SiH3  radical 
recombine  to  form  desorbing  SiH^  without  generating  a  dangling  bond.  Since  the 
surface  diffusion  velocity  increases  with  temperature,  one  could  expect  a  consequent 
decrease  of  the  growth  rate.  In  the  deuterium  experiment,  the  described  mechanism 
would  lead  to  the  production  of  SiH3D,  and  indeed  its  presence  has  been 
demonstrated  with  the  RGA. 

Fig.  6  also  shows  that  the  slope  of  the  refractive  index  increase  with  temperature, 
depends  on  the  growth  rate.  Again  this  may  be  due  to  the  need  for  surface  migration 
in  order  to  get  proper,  conformal  growth.  Still,  temperature  and  gro^vth  rate  are  not 
the  only  determining  parameters,  as  is  indicated  in  Fig.  8.  Here,  the  temperature  was 
kept  constant  at  310  ""C,  and  the  arc  current  remained  45 A.  By  varying  the  hydrogen 
and  silane  flows,  the  growth  flux  could  be  modified.  The  highest  refractive  index 
corresponds  to  the  conditions  with  low  relative  silane  consumption.  The  low  rate 
conditions  at  the  left  side  all  have  a  higher  silane  consumption  fraction  -the  arrow 
indicates  a  condition  with  100%  silane  depletion-  and  show  a  lower  refractive  index. 
From  this  we  tentatively  conclude  that  a  high  silane  consumption  may  be  indicative 
of  the  formation  of  lower  silane  radicals,  which,  by  their  lower  surface  mobility, 
produce  low  quality  material. 

Table  2.  Film  properties  using  ^ndard  condition  at  Ts„j,==475  C 
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11  nm/s 
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Fig.  7.  Logarithm  of  the  photo  conductivity 
vs.  substrate  temperature  for  the  low  rate 
series  and  the  standard  series.  As  the  growth 
rate  increases,  the  optimum  shifts  to  a  higher 
temperature. 


Fig.  8.  Refractive  index  vs.  growth  rate  at 
Tsub=3 10  °C,  by  varying  the  hydrogen  and 
silane  flow  at  constant  arc  current.  The  arrow 
indicates  a  condition  with  100%  silane 
consumption. 
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